Abstract Bio-logging studies suffer from the lack of real controls. However, it is still possible to compare indirect parameters between control and equipped animals to assess the level of global disturbance due to instrumentation. In addition, it is also possible to compare the behaviour of free-ranging animals between individuals equipped with different techniques or instruments to determine the less deleterious approach. We instrumented Adélie Penguins (Pygoscelis adeliae) with internal or external time-depth recorders and monitored them in parallel with a control group during the first foraging trip following instrumentation. Foraging trip duration was significantly longer in the internally-equipped group. This difference was due to a larger number of dives, reflecting a lower foraging ability or a higher food demand, and longer periods of recovery at the surface. These longer recovery periods were likely to be due to a reduced efficiency to ventilate at the surface, probably because the implanted devices pressurised adjacent organs such as air sacs. Moreover, descent and ascent rates were slightly lower in externally-equipped penguins, presumably because external instrumentation increased the bird drag. Looking at our results, implantation appears more disadvantageous-at least for short-term deployment-than external equipment in Adélie Penguins, while this method has been described to induce no negative effects in long-term studies. This underlines the need to control for potential effects due to methodological aspects in any study using data loggers in free-ranging animals, to minimise disturbance and collect reliable data.
Introduction
For more than three decades, bio-logging has permitted the exploration of many ecological, physiological and behavioural aspects of animal biology in the wild, where animals could not otherwise be monitored (Ropert-Coudert and Wilson 2005) . However, attaching instruments to wild animals can sometimes have unexpected adverse effects. For instance, in diving animals, some studies indicated that instrumentation may affect foraging trip duration (Wanless et al. 1988; Croll et al. 1991; Hull 1997; Taylor et al. 2001) , body mass loss (Elliott et al. 2007 ), provisioning rate, offspring growth and breeding success (Watanuki et al. 1992; Croll et al. 1996; Ackerman et al. 2004 ). However, researchers rarely consider the actual impact of instrumentation on the performances of free-ranging animals and usually presume that handling effects are minor (Hawkins 2004; Wilson and McMahon 2006) . The reason for this may be inherent to the impossibility to monitor a control group in the wild. There does not seem to be an ideal solution to solve this problem since at-sea monitoring implies equipping animals with devices and ''measurement affects performance'' (Wilson et al. 1986 ). Nevertheless, considering that an instrumented animal is always more or less disturbed, a solution consists in equipping two groups with differently-sized, shaped or attached instruments and comparing behaviours between groups (Wilson et al. 1986; Elliott et al. 2007; Ropert-Coudert et al. 2007) . Such an approach, used in combination with the aforementioned indirect parameters collected on land, should suffice to evaluate the effects of instrumentation on animal behaviour.
In diving birds, the deleterious effects of instrument attachment are generally attributed to the disruption of the animals' streamlined body shape (Williams and Kooyman 1985; Lovvorn et al. 2001 ) prompting some to propose internal implantation of devices in the body cavity as an alternative method to externally-attached equipment. This technique has been used successfully to collect data in several studies among which are long-term studies that report no negative impact of instrumentation (Guillemette et al. 2002; Green et al. 2004; Grémillet et al. 2005) . Surprisingly, instrument implantation did not receive as much attention as external equipment, and studies dealing with the impacts of implanted devices remain scarce (but see Guillemette et al. 2002; Green et al. 2004; Small et al. 2004 ). Yet internal implantation may induce deleterious effects such as pain, inflammation, irritation, interference with physiological functions, tissue damage and an increase in the cost of locomotion (Hawkins 2004) .
In this work, we investigated the potential impact of equipment in free-ranging Adélie penguins (Pygoscelis adeliae). We evaluated this impact, first indirectly, via a measure of the foraging trip duration of control, externallyequipped and internally-equipped birds, then, more directly via a comparison of the diving behaviour of penguins internally or externally equipped with time-depth recorders. This parallel study on external and internal equipment aims to assess the global level of disturbance of both methods relative to control birds and the potential effects of one technique relative to the other on diving behaviour.
Methods
The study took place at the French station Dumont d'Urville (66°40 0 S, 140°01 0 E), Adélie Land, Antarctica, during the austral summer [2007] [2008] . The experimental group of penguins was constituted by 19 pairs: 11 pairs with no equipment forming the control group, 5 externallyequipped pairs (''external'' group) and 3 internally-equipped pairs (''internal'' group).
Equipment
During courtship, externally-equipped females were instrumented with time-depth recorders (IPHC, Strasbourg, France; 30 g, 50 9 26 9 15 mm, n = 10) attached to their lower back with mastic and marine TesaÒ tape (Wilson et al. 1997) . Externally-equipped males (n = 5) and internally-equipped birds (n = 6) were instrumented with the same loggers during incubation. Males were equipped or implanted 7 days after egg laying and females' departure to sea to avoid adverse effects of early equipment on hatching success (Beaulieu et al. in press) . Females were implanted 2 days after returning from their first foraging trip when their mate was at sea to feed. Consequently, males were monitored during their first foraging trip and females during their second foraging trip. The delay between the implantation and the subsequent departure to sea was 5.7 ± 1.2 days (mean ± SD) for males and 16.7 ± 2.0 days (mean ± SD) for females. A period of a few days is generally admitted to be sufficient for the birds to recover and for the tissues to heal (Ropert-Coudert et al. 2000; Bevan et al. 2002; Green et al. 2004) .
Surgery was performed by veterinarians under strict conditions of sterility and after approval of the ethics committee of the French Polar Institute. Before implanting devices, birds were anaesthetised with Isoflurane (ForeneND; maintained between 1.5 and 2.5%) and breathed spontaneously. On the right side of the brood patch, some feathers were removed to sterilise the surgical area. Internal loggers, coated in wax and bio-medical silicone (Silastic; Dow Corning, Midland, MI, USA), were implanted into the abdomen. Devices were secured within the abdominal cavity by anchoring them to the abdominal muscle layer with sutures. Muscles, subcutaneous tissue and skin were then sutured. Antibiotics (Oxytetracyclin, Terramycine LA, 20 mg/kg) and anti-inflammatory (ketoprofen, Ketofen 1% ND, 2 mg/kg) were injected before birds came to consciousness. Sedation and surgery lasted 01h39 ± 17 min (mean ± SD, n = 6). During surgery, eggs were artificially incubated at 35°C. Birds were released after implantation on their nest on dummy plaster eggs so that real eggs were not broken. When they completely regained consciousness and exhibited normal brooding behaviour, dummy eggs were replaced by their own eggs. Instruments were recovered after one foraging trip following the same procedure as that described for equipment.
On-land monitoring
During courtship, experimental penguins were identified with a Nyanzol-D mark painted on breast feathers. To estimate foraging trip duration, the presence on nest of every experimental bird was checked every 2 h during the study period.
At-sea monitoring
The loggers recorded depth every 5 s. After the recovery of devices, data were downloaded and analysed using IGOR software (Wavemetrics, version 5.0, USA). Only dives [1 m were included in the analyses. In total, 81,018 dives were recorded. The start and end of the bottom phase of each dive were defined as the first and the last time the rate of change of depth became \0.25 m s -1 during a dive. The end of diving bouts was calculated according to the method of Gentry and Kooyman (1986) .
Statistical analysis
Foraging trip durations were compared between the three treatment groups using generalised linear models (GLM) with the treatment (control, internal, external), the sex and their interactions as fixed factors. The time and the percentage of time spent underwater per foraging trip were compared between internally-and externally-equipped birds, with GLM including the treatment and the sex as fixed factors. For the number of dives, the comparison was carried out with a GLM with a Poisson distribution. Analyses of diving behaviour were conducted on the following dive parameters: maximum dive depth (m), dive duration (s), descent duration (s), descent rate (m s -1 ), bottom duration (s), number of undulations during the bottom phase (an index of feeding success; Bost et al. 2007) , ascent duration (s), ascent rate (m s -1 ) and postdive duration (s). To compare diving behaviour between the two groups, we used mixed models to avoid the problem of pseudoreplication since our statistical analyses involved repeated observations of the same subjects. Individuals were considered as random factors while the treatment, the sex and their interaction were used as fixed factors. In addition, since the maximum depth during a dive influences all other dive parameters (P \ 0.001 in all tests), we added it as a covariate in the model. When the model gave a significant result for a given parameter, to examine the influence of depth on this parameter, we performed the same model but with the maximum depth class as a fixed factor; for this, we used 20, 40, 60, 80 and 100 m as depth classes. Multiple comparisons were undertaken using the post-hoc Tukey test. Analyses were conducted using JMP 8 (SAS Institute). Results are expressed as means ± SE and significance level was set at a = 0.05.
Results

Foraging trip duration
Foraging trip duration differed between males and females (F 1,32 = 727.54, P \ 0.001) and between the different treatment groups (F 2,32 = 51.12, P \ 0.001). Penguins from the control group performed foraging trips as long as those performed by externally-equipped penguins (P [ 0.99) but foraging trips performed by internallyequipped birds were 1.5 times as long as those of controls (P = 0.001) and externally-equipped birds (P = 0.001). The same trend was obtained in males and females (interaction sex 9 treatment, F 2,32 = 2.52, P = 0.10; Fig. 1 ).
Number of dives and time underwater per foraging trip
Externally-equipped birds dove less frequently per foraging trip and spent relatively more time underwater than internallyequipped birds (number of dives: 4,237 ± 19 and 5,366 ± 28, respectively; Wald v 2 1 = 1,316, P \ 0.001, percentage of time underwater: 39 ± 10 and 26 ± 6% of foraging trip duration, respectively; F 1,13 = 12.39, P = 0.004). However, total time spent underwater did not significantly differ between the two groups (external: 70 ± 5 h; internal: 82 ± 7 h; F 1,13 = 2.04, P = 0.18). 
Diving behaviour
The sex had an effect on the maximum depth (F 1,12 = 7.42, P = 0.02) with males diving deeper (22.5 ± 1.8 m) than females (15.7 ± 1.7 m). All other diving parameters were similar between males and females (all P [ 0.11).
The method of equipment (external vs. internal) had no effect on almost all the considered dive parameters: dive duration, maximum depth, descent duration, bottom duration, number of undulations and ascent duration (Table 1) . However, descent and ascent rates were both *10% lower in externally-equipped birds than in internally-equipped penguins. Finally, internally-equipped birds spent more time at the surface between two consecutive dives than externally-equipped birds (Table 1) . None of the diving parameters was affected by the interaction sex 9 treatment (all P [ 0.05).
The interaction treatment 9 depth class was significant for descent rate (F 1,78819 = 284.56, P \ 0.001) and ascent rate (F 1,74496 = 234.91, P \ 0.001). However, multiple comparisons for each depth class gave significant results only for ascent rate with lower values for deep dives in externally-equipped penguins (Fig. 2) . The interaction treatment 9 depth class was also significant for post-dive duration (F 1,71575 = 332.80, P \ 0.001) with longer surface time for deep dives in implanted penguins (Fig. 2) .
Discussion
Overall, externally-equipped penguins were less affected by the devices than internally-implanted birds whose foraging trips were 1.5 times as long as those of controls. Three non-exclusive hypotheses may explain why their foraging trips were lengthened: (1) internally-equipped birds may have been less efficient underwater so that they needed more time to catch a certain amount of prey, (2) the implantation induced an extra energetic cost associated with tissue repair and penguins may compensate for this energetic debt by foraging longer to catch more prey, and (3) implanted penguins needed more time to recover at the surface.
Our results gave support to these three hypotheses. Implanted birds performed more dives than externallyequipped penguins suggesting that they had reduced foraging ability and that they had to perform additional dives to reach a certain level of caught preys (hypothesis 1) and/ or they had to compensate for the extra-cost incurred by implantation (hypothesis 2). However, they did not alter the characteristics of their dives. Only the descent and the ascent rates differed between implanted and externallyequipped penguins. This difference is rather due to a loss of hydrodynamics of externally-equipped penguins. For external equipment, the consensus recommends attaching small (the device should have a maximum cross-sectional area of 1% of that of the penguin; Culik and Wilson 1991), streamlined instruments on the lower back of animals (Bannasch et al. 1994 ) to minimise the extra drag due to the instrument. In our study, the device cross-sectional area represented 2-2.5% of that of the penguins and may explain why externally-equipped birds were slightly restrained during the transit phases of dive. This disadvantage was more important for deep dives for ascent rate but not for descent rate. Contrary to the descent phase which is associated with active flipper beating (Sato et al. 2002) , the ascent phase is passive and therefore seems to be more affected by an extra drag in the case of deep dives.
Implanted penguins were more streamlined than externally-equipped penguins, which corresponds precisely to the expected benefit of implantation versus external attachment. However, they had to recover from diving for a longer time (hypothesis 3): post-dive duration was *4 s (17%) longer in implanted penguins than in externallyequipped birds and this was worsened by deep dives. It is likely that this difference would even be more important between implanted penguins and control penguins (with no equipment) since externally-equipped penguins were slightly restrained during the transit phases of dive. The time at the surface between consecutive dives depends on the degree to which the body must be loaded with oxygen (Butler and Jones 1997) . The most important way to save oxygen while diving is to reduce oxygen requirements by a reduction of metabolism (Ramirez et al. 2007 ). It may be first hypothesised that implanted birds' metabolism was increased because of the inflammatory and the woundhealing responses following implantation. In this line of thought, it has been reported that a simple midline exploratory laparotomy, with no implantation, increases the post-operative caloric demand by 10% in horses Significant differences between the two groups of birds are in bold a Annotated parameters were calculated with maximum depth as a covariate. (Cruz et al. 2006 ). In our study, although the skin incision was totally clean and completely healed before device recovery, a fibrous capsule was found around the loggers indicating the occurrence of an inflammatory response (Anderson et al. 2008) . However, the presence of this capsule has not been associated with physiological or behavioural deleterious effects in previous studies (Small et al. 2004; Mulcahy et al. 2007) . A more probable reason of the extended recovery surface intervals is that the device (volume: *20 cm 3 ) may have pressurised adjacent organs such as air sacs (Small et al. 2004 ), thus reducing the birds' efficiency to ventilate at the surface. Culik and Wilson (1991) found that the cost of transport of implanted Adélie penguins swimming in a water canal was lower than that of externally-equipped penguins (Fig. 3) . However, diving is not possible in such a setting and their measurements do not reflect what happens in the wild, especially since distances and depths covered largely differ. These measurements are therefore not comparable to device-induced effects in free-ranging animals. Another study by Ropert-Coudert et al. (2000) only included implanted king penguins (Aptenodytes patagonicus) with or without external devices. With such a design, the effects of both techniques were mixed up and the effects of implantation could not be assessed. Finally, Green et al. (2004) found no differences between free-ranging control and implanted macaroni penguins (Eudyptes chrysolophus) and, in contrast to our study, foraging trip duration was not lengthened in implanted birds (Fig. 3) . One reason may be that the volume of the device used by Green et al. (2004) was smaller than ours (11 vs. 20 cm 3 ). In addition, this difference may have been accentuated by the size of the penguins since macaroni penguins are larger (5-6 kg; Reilly 1994) than Adélie penguins (4-5 kg), so that the proportion of the logger relative to the penguin size or body mass was smaller in Green's study than in ours (Fig. 3) . However, the proportion of the implanted device relative to the body mass of birds was not excessive in our study compared to other studies (Fig. 3) . Moreover, some studies with devices larger than ours (relative to the birds' body mass) did not report any effects of the implantation procedure. Yet the parameters measured to assess the impact of implantation vary between the different studies (Fig. 3) , making the comparisons difficult.
In our study, implantation appeared more disadvantageous for Adélie penguins than external attachment (even though this latter method also induced some disadvantages). However, our study did not allow us to distinguish the related effects of each step of the implantation procedure: anaesthesia (Machin and Caulkeet 2000) , laparotomy and implantation itself. To separate the effects of the surgery from the effects of implantation, another control group on which surgery would be performed but without implantation would be worthwhile.
External and internal loggers being the same size and internal loggers being more disadvantageous for penguins, it suggests that the miniaturisation of internal loggers is even more important than that of external loggers. This emphasises the importance to control for the potential effects that any methodological approach may trigger in instrumented free-ranging animals. Finally, it is the researcher's responsibility to evaluate and communicate information related to methodological refinement to reduce animal discomfort (Hawkins 2004) and to minimise the bias due to methodology on collected data. There is still, nonetheless, no satisfying alternative to implantation for long-term deployment that span periods up to a year (see Grémillet et al. 2005) . The choice between implantation and external attachment should finally depend on the duration of device deployment. Meyers et al. (1998) 
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